A prototype of a solar ground-layer adaptive optics (GLAO) system, which consists of a multi-direction correlating Shack-Hartmann wavefront sensor with 30 effective subapertures and about a 1 arcmin field of view (FoV) in each subaperture, a deformable mirror with 151 actuators conjugated to the telescope entrance pupil, and a custom-built real-time controller based on field-programmable gate array and multi-core digital signal processor (DSP), is implemented at the 1 m New Vacuum Solar Telescope at Fuxian Solar Observatory and saw its first light on January 12th, 2016. The on-sky observational results show that the solar image is apparently improved in the whole FoV over 1 arcmin with the GLAO correction.
Understanding the processes that generate and concentrate magnetic energy in the solar atmosphere is one of the most important challenges for solar physics. Adaptive optics (AO) is an indispensable technique in ground-based solar imaging that provides diffraction-limited resolution but has only a very small corrected field of view (FoV). In solar observation, the interesting active regions often extend to 1-2 arcmin [1] . Multi-conjugate adaptive optics (MCAO) is significantly considered as the most promising technique to increase the corrected FoV. The sun is an ideal target to perform MCAO, since solar surface structures such as sunspots and granulation can provide multiple "guide stars" in any configuration. The 0.76 m Dunn Solar Telescope (DST) took the lead in developing a solar MCAO experiment [2] . It consisted of a 5 × 5 subaperture multidirection correlating Shack-Hartmann wavefront sensor (MD-SHWFS) with three guiding regions within the 1.25 arcmin full FoV and two deformable mirrors (DMs) with 97 actuators conjugated at the ground layer and 2.6 km and was developed in 2004. However, the experiment was unsuccessful. The 0.7 m Vacuum Tower Telescope showed their MCAO experiment in 2005 [3] , which contained a valid 6-subaperture MD-SHWFS with 19 subfields covering the full 1 arcmin and two DMs conjugated at the ground layer and 8-16 km. However, the result is not really good. MCAO was also developing at the 1.5 m GREGOR Solar Telescope [4] and the 1.6 m New Solar Telescope [5] currently. Until now, there is no routine operational solar MCAO in practice.
That fact that about 60% of the turbulence strength is concentrated in the first few kilometers above the telescope inspired the concept of ground-layer adaptive optics (GLAO) [6] . The ground layer (<500 m) contains 55%-65% of the turbulence during the daytime above the Big Bear Solar Observatory [7] . A GLAO system can be seen as a simplified MCAO system that is required to have several wavefront sensors to measure the wavefront perturbation introduced by the ground turbulent layer and a single DM conjugated to a low altitude to compensate for the ground turbulent layer. As opposed to the MCAO, it is important to emphasize that the goal of GLAO is not to attain a near-diffraction-limited correction, but to simply reduce and stabilize sight over a wide FoV. Rimmele et al. [8] developed a solar GLAO system at the DST in 2010. They used a WFS conjugated to the ground layer and averaged the three wavefront distortions in an FoV of 42 00 × 42 00 . However, it was unsuccessful, because of the poor SHWFS sampling accuracy (at 2 00 per SHWFS detector pixel), which cannot provide an acceptable AO performance. Ren et al. [9] introduced two wavefront sensing methods for GLAO and implemented the large guide star (LGS herein) method at variable seeing conditions in the near-infrared (NIR) J-and H-bands. The SHWFS has 9 × 9 subapertures and the wavefront FOV is only 30 00 × 30 00 . For the discrete guide (DGS herein) method, they only give the simulation result. In this Letter, we implement the GLAO system with the DGS method and achieve an apparent correction image in the visible band.
A number of attempts were also made to develop a solar AO system by the Institute of Optics and Electronics (IOE), Chinese Academy of Sciences, during the last fifteen years. A tilt-correction AO system was developed for the 43 cm Solar Telescope of Nanjing University [10] in 2002. In 2008, a 37-element AO experimental prototype, which is the first solar AO system in China, was successfully installed for the 26 cm fine-structure solar telescope at Yunnan Astronomical Observatory and saw its first light in September 2009 [11, 12] . This prototype had been modified and tested at the 1 m New Vacuum Solar Telescope (NVST) of the Fuxian Solar Observatory (FSO) in 2011 [13] . After that, we developed two generations of AO systems with 37-element low-order and 127-element high-order for the NVST [14, 15] . In order to achieve a wider field, we developed a GLAO prototype system for the 1 m NVST. This system saw its first light on January 12th, 2016.
In this Letter, we first introduce an overview of the system, including the optical layout and parameters of the system, and then summarize the preliminary results from a recent GLAO observation run at the NVST and discuss future plans.
In 2010, the 1 m NVST was integrated and installed on the FSO, which is located on the northeast shore of Fuxian Lake, Yunnan, China. The telescope is based on a typical Gregory-Coudé design. The pure aperture of telescope is 985 mm, and the effective focal length before instruments is 45 m. The average seeing (Fried parameter, r 0 ) of the FSO obtained in the period from 1998 to 2000 was about 10 cm [16] . Figure 1 illustrates the optical layout of the GLAO experiment system, which is mounted after the Coudé focus of the telescope. Sunlight from the telescope is collimated to a suitable beam to feed into the tip tilt mirror (TTM) and then the DM, which is conjugated to the entrance pupil after flat mirror M1 and the off-axis parabolic mirror OAP1. The reimaging optics system, which consists of two off-axis parabolic mirrors OAP2 and OAP3, collimates the beam into a 16 mm aperture, and then the dichroic beam splitter BS1 divides the beam into two beams. One of the beam goes into the TiO band imaging subsystem, and the other beam is divided by beam splitter BS2 for MD-SHWFS and the corresponding tracking sensor. The GLAO prototype system, which is based on a highorder AO system, contains a DM with 151 actuators conjugated to the telescope entrance pupil and a 30-subaperture MD-SHWFS with 5 subfields in each subaperture and a custom-built real-time controller based on field-programmable gate array (FPGA) and multi-core digital signal processor (DSP). In order to not affect the operation of the high-order AO system while also saving costs and space, we just install an MD-SHWFS for the first GLAO experiment. A new MD-SHWFS is considered now to match the 151-element DM based on a better camera with a larger target and faster frame rate. The realtime controller is composed of a fine tracking loop with a TTM and a GLAO correlation loop with a 151-actuator DM and a correlating MD-SHWFS based on the absolute difference square algorithm. In the fine tracking loop, the correlation tracker is the same as the high-order AO system, and the real-time controller of the GLAO system is shown in Fig. 2 . The camera data were transferred to the FPGA, and then the FPGA processes the subaperture data to get the slopes with the absolute difference square algorithm when a subaperture row has been cached. All slopes are sent to the DSP by Serial RapidIO (SRIO) communication, and after the DSP finishes parabolic interpolation, matrix reconstruction, and control computation, the voltages are sent back to the FPGA. Then, the voltages are sent to a high-voltage amplifier by a DA converter to control the DM. The total computing delay is less than one clock period of the camera. The host PC is applied to display the image by a graphical user interface and to send parameters to the FPGA by a compact peripheral component interconnect (CPCI) bus. Figure 3 shows the arrangements of the DM with 151 actuators and the subapertures of MD-SHWFS with 30 subapertures in the GLAO correction loop. The MD-SHWFS plays a very important role in the GLAO system. It can detect wavefront information from different directions at the same time and also has a larger FoV over 1 arcmin in each subaperture than a traditional SHWFS. Commonly, an SHWFS corresponds to a guide star. That is to say, if we need five guide stars, we will need five SHWFSs. For solar GLAO wavefront sensing, we can use only one MD-SHWFS to replace several SHWFSs. Figure 4 shows the 5-guide star solar MD-SHWFS arrangement of the GLAO and the corresponding areas in the far field. The difference between the real-time controllers of the GLAO system and the AO system is that GLAO needs to compute slopes from multiple directions and averages these slopes to control the DM to get an average corrected result of the turbulence. To solve the problem of mismatch between the DM actuators and subapertures of MD-SHWFS, a modal method with 27 orders is used in our system, and the control effect is satisfactory and robust.
The main specifications of the GLAO correction loop are described as follows: The GLAO prototype system was integrated into the NVST and saw its first light on January 12th, 2016. Figure 5 shows the sunspot images without/with GLAO after dark-and flat-field processing.
Due to the lack of point sources on the solar surface, estimating the performance of a solar AO system is generally more difficult than for stellar AO. As indicators to measure the GLAO performance, we used the contrast of the solar granulation for our evaluation. We chose eight granulation regions to compute their contrasts. The formula to calculate the granulation's contrast is defined as Contrast gra ¼ ðimageÞ std ðimageÞ mean × 100%;
where ðÞ std and ðÞ mean denote the standard deviation and arithmetic mean value of the image, respectively. Figure 6 shows the contrast of the corresponding areas. The contrasts of the eight areas before GLAO correction are 1.3%, 1.5%, 1.8%, 1.4%, 1.9%, 1.7%, 1.6%, and 1.3%, and they turn into 2.6%, 2.8%, 2.4%, 2.3%, 2.5%, 3%, 2.3%, and 2.4% after being corrected. Figure 7 shows the granulation contrast for different conditions (open loop, GLAO closed loop) in a period of time (150 images). It can be seen that the GLAO-corrected images have wider and higher contrast and reveal fine structures than those without AO. The quality of the GLAO-corrected images is noticeably improved without reaching the diffraction limit. The solar GLAO experimental prototype is proven to be a successful application in the visible band under good seeing conditions for the 1 m NVST with a 400 Hz frame rate for low-contrast extended objects. Some technology is tested on this prototype. However, for atmospheric correction, a system with a 400 Hz framerate is too slow. In order to make the system work at the frame rate of 800 Hz, the real-time processor is optimized and upgraded, and we are waiting for the results of another experiment. Meanwhile, the improvement of our GLAO system is considered. First, based on the MD-SHWFS, the profiles of the daytime atmospheric turbulence above FSO will be tested. Second, a new MD-SHWFS will be developed with a new, larger, and faster detector to match the 151-element DM, which will make our GLAO system a practical piece of equipment.
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